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A seriesofrolling-contactfatiguetestswasconductedina bench
rigdevelopedat theNACALewislaboratory.Fourparaffin-basemineral
oilsofvaryingviscosity(atatmosphericpressure]wereusedas lubri-
cants.I!all.specimenswereAISIM-1toolsteel(airntelt).Testtem-
peraturewas100°F,anda calculatedEertzcmpressivestresslevelof
725,WO psiwasmaintained.

A continuoustrendtowardlongerHe wasobservedwithincreasing
lubricantviscosityovertherangestudied(5to 120centistokesat
100°F). Thistrendholdsat anypercentageof specimensfailed.The
lifescatterrmainedaboutconstantat eachviscosi~levelstudied.

A plotoflogof lifeatanysurvivallevelagainstlogoflubri-
cantviscosityproducesa reasonablystraightline.Thislineindicates
thatrolling-contactfatiguelifeisa functionofapproximatelythe0.2
poweroflubricantviscosity.

INTRODUCTION

Oneof’theprimaryconsiderationsindevelopinga bearingca~ble
ofsustainingthehightemperaturesencounteredinpresentandantici-
~ted aircrtitgas-turbineenginesis therolling-contactfatiguelife
ofthebearingelements.Asidefrombearingdesignandleading,the
fatiguelifeisaffectedby thematerialsusedin thebearingelements
andthesubstanceusedtoprtidelubrication.

Duringhigh-speedrollingcontact,thelubricant,inadditionto
reducingslidingfrictionandcmlingthebearing,affectsthepressure
distributioninthecontactzonethroughhydrodynamicaction.The
theoreticalcalculationsof stressdescribedh appendixA areforstatic
loadingonly.At highrollhgspeedsthesemaynotbe entirelycorrect.
A precisethree-dimensionalanalysisofthisphencmemnwouldbe very
complicated,buta generaldiscussionwillillustratethepoint.



FQure l(a)isa crosssectionof
tributionfora ballrunningwithouta
sureandthecontactareawouldbe the
givenloadthemaximumpressure(i.e.,
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thecontactzoneandpressuredis-
lubricant.Theintegralofpres- 8
totalballloading;thus,fora
compressivestressborneby the

&ll) woulddependon&e sizeofthe-con~ctarea. Figurel(b)~hows
howthepresenceofa lubricantextendstheeffectiveload-carryingarea
andthusreducesthemaximumpressure.Thelubricantfilmaheadofthe
ballmustbe reducedtotheminimumfilmthicknessin thecontactzone.
Fora givenspeedthisrequiresa proportionalrateof shearin thelubri-
cantaheadoftheballto removetheexcessfluidfromtheballpath. ~F
Theforcenecessarytomaintainthisrateof sheardependsuponthevis- UI
cosityofthefluid.Thusa moreviscousfluidwouldrequirea greater
shearforce.Sincethisshearforceisresolvedfrcmthepressurebe-
tweentheadjacentrolling-elementsurfaces,a portionofthebalJload
isborneby thatportionofthefluidwhichis outsideofthecontact
areathatwouldexistifno lubricantwerepresent.Thustheeffective
contactareais increasedandthemaximumcontactpressureisreduced.
Fora givenrollingspeedthemaximumpressurewoulddecreasewithin-
creasinglubricantviscosity.Sinceldfeisinverselyproportionalto
thetenthpowerofmaximumstress,theeffectof lubricantviscosityin
high-speedrollingcontactcouldbesignificant.A two-dimensional
mathematicalanalysisofthiseffectisgiveninreference1. u

.
TheLiteratureavailableonthisroleofthelubricantinrolling-

contactfatigueis llmited.Inreferences2 and3 thetesttemperatures
r

arevariedtovarytheviscosity.Metallurgicaltransformationsinthe
materialsaresignificantwithinthetemperaturerangenecessarytopro-
duceanadequateviscosityrange(refs.4 and5). Anychemicalreac-
tionsat thecontactsurfaceandinthelubricantwouldbe influencedby
temperature.

Reference6 showsa linearincreasein Ufe withlubricantviscosity.
Thoughnotstated,itappearsthatthelubricantsareallparaffin-base
stocksandthetestswereconductedatroomtemperature.Thisisa more ““
controlledevaluationoftheeffectoflubricantviscosityonrolling-
contactfatiguelife,althoughthelowscatterinlife(2:1or less)is
notcharacteristicofbearing-fatiguedataandmayindicateoverloading
andcrushingoftheballs.

Anothermethodofvaryingviscosityistouselubricantsofdif-
ferentbasestock.Thisalsointroducesvariablesotherthannorml
(atmosphericpressure)viscositysuchaspressureviscosityeffectsand
chemicalreactionsin thelubricant.Normalviscosityisthatviscosity
whichismeasuredby standardtestsat atmosphericpressure.viscosity
tendstoincreasesignificantlyat thehighpressureexistinginbearing
lubricatingfilms(ref.7). Thiseffectis ofvaryingdegreeinvarious *
basestocks.Forthisreasondifferentbasestocksmayhavedifferent
effectsonfatiguelifeeventhoughthemea”sured(normal)viscosityis
constant. w
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Thebestmethodofobservingtheeffectsoflubricanttiscosityon
rolling-contactfatiguelifewouldprobablybeby useofa seriesof
fluidsofthesamebasestock(i.e.,sametemperatureandpressurevis-
cositycharacteristics]butwitha rangeofviscosityasmeasuredatat-
mosphericpressure.Allothertestconditionscouldthenremaincon-
stant.Thecontrolledvariablewouldthusbe thenormal-lubricant
viscosity.

Withthisobjectiveinmind,a groupofparaffin-basemineraloils
ml-l wasselected.Propertiesofthisgroupof oilsaregivenintableI.
s Rolling-contactfatigue-lifedataweresecuredforeachfluidundercon-

sistenttestconditions.

APPARATUS

Onlybriefdescriptionsoftheapparatusandprocedurearegiven
here.A moredetailedpresentationcanbe foundinreference8 andap-
pendixA. Figure2(a)isa cutawayviewoftherolling-contactfatigue
spinrig. Thetestspecimensweretwoballsrevolvingina horizontal

% planeontheboresurfaceofa hardenedtool-steelcylinder(fig.2(b)).
-da Airatpressuresup to 100poundspersquareinchwasintroducedthrough
y thenozzlesto hive theballsathighorbitalspeeds.Theloafingon
~ theballswasthatproducedbycentrifugalforce,andthestresswas

calculatedaccordingto themethodsofreference9. Approximately15
millilitersperhouroflubricantwereintroducedin dropletforminto
thedriveairstreambetweentheguideplates.Thefast-muvingairstream
hadan atomizereffect,andthelubricantwasreducedtoa fine”mistthat
adheredto surfacestoprovidea lubricatingfilm.

Orbitalspeedwasmeasuredby countingthepulsesfroma photosm@i-
fieronan electronictachometer.A ballorracefailureresultedin
increasedtibrationandhenceinan increasedqignalfroma velocity
pickupattachedtotherig. Thissignalwhenamplifiedactuateda meter
relaywhichshutdownthesystem.

Temperaturewascontrolledby mixingheatedairwiththenormal
drive-airsupply.Thisheateddriveairsurroundedthetestballsand
theinnersurfaceoftheracecylinder.Theairwasthenexhaustedover
theoutersurfaceoftheracecylinder.Thetesttemperatureandtaper-
aturecontrolsignalweretakenfromthezzuocouplescmthetopandbottom
oftheracecylinder.A calibrationshowedthatthistemperaturedid
notdetiatemorethan2°frcmthetemperatureoftheairstreamsurround-
ingthetestballs.

AllballtestspecimenswerefromthesameheatofAISIM-1air-melt
toolsteelandwerea ncminall/2-inchdiameter.Nominalcompositionis
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givenintable11. Therunningtrackontheballswaspredeterminedby
grindingtwodiametricallyopposedl/8-inchflatsontheballsurface. v
Becauseofthepreferredmanentofinertiaproducedjtheballswouldrun
ona trackwhichwasthegreatcircleperpendiculartothediametertermi-
natingat thegroundflats.Thisprocedurestiplifiedpreinspecticmand
permittedrestartingoftheballswhennecessary.,Racecylinderswere
AISIM-1vacuum-melttoolsteel.Theoutsidedimensionswere4.750inches
diameterand3.CXIOincheslongjandtheborettlametersrangedfrom3.310
to 3.550inches. ;

a

PROCEDURE

Beforethetestallracecylindersweregivendimensionalsurface
finishamdhardnessinspections.Alltestballswereweighedandgiven
a surfaceexaminationata magnificationof60. A recordwaskeptof
any@abnormalitiesin surfaceconditionsat therunningtrack.Priorto
inspectionanduse,testspecimenswereflushedsadscrfibedwith103
percentethylalcoholandcleancheesecloth.Duringstoragetheywere
protectedbya corrosion-resistantoilfilm. Carewastskenduringrig
asseniblynotto scratchtheruiningsurfaces.Theboresurfaceandtest
ballswerecoatedwithlubricantduringassembly. *

Therigwasbroughtup to operatingspeedasrapidlyandsmoothly
aspossible.About3 minuteswererequiredforthehotairstreamto

w

heatthecylindertothetesttemperaturewhenrunningat 100°F. Speed,
airpressure,temperature,andvibrationlevelswererecordedduringthe
test. Totalrunningtimewasrecordedandconvertedintototalstress
cyclesontheballspecimen.A post-testsurfaceexaminationata mag-
nificationof60wasmadeto observetrackconditions.Failuredata
wereplottedonWeibullPaperjwhichisa plotofthelogoftherecipro-
caloftheportionofthesamplesurvivingagainstthelogofthestress
cyclestofailure.Lineswerefittedtothesedataby theleast-squares.
method.Themethodofpresentingthedatais discussedindetailin
appendixB.

Life

RESULTSANDDISCUSSION

DatawithFourl&Lneraloils

Thedataproducedinthisprogramrepresenttheeffectoflubricant
viscosityonrolling-contactfatiguelife.Fourccmmonparaffin-base
mineraloilswithviscositiesrangingfrom5 to 119centistokesat l~” F
wereused.Withtheselifedata,rolling-contactfatiguelifeandlu-
bricmtviscosityasmeasuredatatmosphericpressurewerecorrelated.



NACATN4101 5

A Weibullplotispresentedin figuxe3(a)forJK31M-1tool-steel
ballslubricatedwith1005mineraloil(5.1centistokes)at an a@bient
taperatureof100°F anda centrifugal-forceloadingthatproduceda
725,~-psimaximumHertzcompressivestressanda maximumshearstress
of 225,000psi0.009inchbelowtherumningtrack.Plotsformineral
oils1010(10.3centistokes),3042(24.2centistokes),and1065(119.1
centistokes)at thesametestconditimsareshowninfigures3(b),(c),
and(d),respectively.Thelifeplotsallhavethesamegeneralap-
P===ce, buttheyshifttowardtheright(i.e.,Efe increases)with
increasingviscosity,whiletheslopes(i.e.,scatter)remainaboutthe
same.

Theresultsoffigures3(a)to (d)aresUmnarizedinf’igure3(e).
Theshifttowardlongerrolling-contactfatiguelifewithincreasednor-
mal (atmosphericpressure)viscosityof thelubricatingfluidfilmis
easilyobse~ed. Thiseffectexistsat anylevelof survival(i.e.,
longorshortlives).Thelifescatter(i.e.,Welbull.slope)Isabout
thesameforallfourcurves;thus,theonlysignificantchangeinap-
pearanceoftheWeibullplotis theshifttowardlongerlAfeas thelu-
bricantviscosityis increased.

Fatiguespansforallfourtestgroupswereconsistentinappearance
titheachotherandwithspansproducedin thefatiguespinrigwith
otherfluidlubricants.Theycloselyresmibledfatiguefailurescharac-
teristicoffull-scalebearings,be5nglimitedinareaanddepthand
originatingin subsurfaceshearcracking.A ballfatiguespal.1is cam-
paredwithonefroma full-scalebearinginnerraceinfigure4. The
groupsofballsin thisinvestigationhadthemetallograpbictransforma-
tioninthesubsurfacezoneofmaximumshearstresscharacteristicof
specimenssubjectedto rolli~-contactstressing(ref.4).

No significantconditionsumiqueto thisgroupoftestswereob-
servedin thepost-runsurfaceexamination.Allballshadthecharac-
teristicdarkeningoftherunningtrackobsenedwithmostfluidlubri-
cantsandAISIM-1toolsteel.Chemicalactitityresultingin corrosion
ofthetracksurfacesdidnota~ar tobe presenttoanysignificant
degree.

Thevariablestudiedin thisinvestigationwasthelubricatingfluid
viscosityasmeasuredby standardmethodsat atmosphericpressure.The
lubricantbasestockandalJtestconditionsremainedconstant.Thein-
creaseinfatiguelifewithlubricantviscosi@notedis consistentwith
theeffectreportedinreferences2,3,and6. However,testconditions
werenotheldconstantinreferences2 and3,wheretemperaturewas
variedovera widerangetoachievethedesiredtiscosityrange.The
highballloadingofreference6 didnotproduceanyappreciablescatter;
hencethereis questionablesimUarityofthetestconditionsto those
ofa ftdl-scalebesringwherescatterismuchhigher.
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Sincethereisa continuoustrendtowardlongerrolling-contact
fatiguelifewithincreasedlubricantviscositywithintherangestuded
(5to 120centistokes),itispossibletoplota curveforthisrelation.

s

E@ure 5 isa plotofthelogoffatiguelife(l@ and50%failures)
againstthelogofviscosity.~s plotisalmostlinear;straightlines
havebeendrawnfor10-and50-percentfailures’bytheleast-squares %
method.Theseties resolvetiththefollowingrelation:

P
Cn

L.JQLn

where L isfatiguelifeinmilldonsofstresscycles,and p is lubri-
cantviscosityincentistokesat 100°F. Then

10%fatigueLLfe= 11.3w0”237

50%fatiguelife= ~5p0.167

Theserelationsindicatethattherolling-contactfatiguelifeisa func-
tionofaboutthe0.2powerof lubricantviscosity.Thisis in contrast
totheresultsofreferences2, 3,and6,wherethelifeisgivena
linearrelationtoviscosity,althoughinallcasestherateofchange
ofLLfewithviscosityisaboutthesameoverthe5-to 120-centistoke D
range.

A morecamplexbutmoreversatileequationcanbe fittedto there-
m

suitsforLifeagainstlubricantviscosityfromconsiderationofthe
extreme-valuetheory.Sinceeachfailureresultsfromtheweakestpoint
on therunningtrack,allotherpointsonthetrackareofnecessity
stronger;thusthefatiguelivesobservedarea seriesofextremevalues
foralltheinfinitesimalareasoftherunningtracks.An extreme-value
analysisresultsinan equationoftheform

, :(*)’0*625w”m7fi)=

where Q istheprobabilityof survival.Inthisformtherelationcan
be usedto calculatethelifeas a functionofviscosi@atanylevelof
survival.Thiscurveisplottedfor10-and50-percentlivesin figure
5. Thisformwould,uponextrapolation,givea finitefatiguelifeat
zeroviscositywherethesbplepowerfunctionwouldnot. Forthisrea-
sonit isconsideredtobe a morereasonableformofthelife-viscos-i.ty —

function,althougha greaterrangeofviscositywould
establishitaccuratelyat thelowviscositylevels.

beneededto
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Discussion
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Theresultsofthisinvestigationindicatethatlubricantviscosity
hasa significanteffectonrolling-contactfatiguelife. Sinceviscosity
isgreatlyincreasedat thehighpressuresexistinginbearings,the
pressure-viscosityandcompressibilitycharacteristicsofthefluicimay
alsohavea verysignificantinfluenceon 13fe. In thisseriesoftests,
characteristicsofthefluidwereheldconstantby usingthesamebase
stockinordertoevaluatetheeffectofatmosphericpressureviscosity
(i.e.,molecularweight)of thefluid,buta systematicevaluationof
theeffectofbasestock(i.e.,pressure-viscositycharacteristics)on
fatiguelifeisnecessaryinordertocompletetheevaluationof theef-
fectof viscosityonrolling-contactfatiguelife.

Aswithanymeasurement,theconfidenceinthisdataislimitedby
itsstatisticalreliability.Withrolling-contactfatiguedatathewide
scatternormallyencounterednecessitateslargesamplesizesinorderto
establishaccuratelytherelationof lifeagainstpercentsurvivalinthe
Weibullplot. At thesametime,theexpenseanddurationofeachtest
limitthepracticalnumberof specimensthatcanbe evaluated.Confidence
limitsforthedatainfigure3 werecalculatedby themethodofLieblein

* (ref.10)andarepresentedinfigure5. Forthesamplesizesof15,18,
19,and19ballsusedtoproducefigure3, theseconfidencelimitsare
wideinrelationtotherangeobservedbetween.theresultsforthediffer-

; entviscosityfluids.However,ifno effectduetolubricantviscosity
exists,theprobabilitythatthefourlifeplotswillfallinorderof
ascendingviscosityisonly1 in24. Thisissobecauseeachof thelines
wascalculatedby a least-squaresbest-fittechniqueso thattheyare
unbiased.Thus,theresultsin figure5 havea 96-percentprobability
nottohavebeencausedby chance.

SUMMARYOFRESULTS

Rolling-contactfatiguestudiesweremadeintherolling-contact
fatiguespinrigon l/2-inch-diameterballsofAISIM-1air-melttool
steelata testtemperatureof100°F anda maximumHertzcompressive
stressof 725,0CKIpsi. A seriesofparaffin-basemineraloilsidentical
inallrespectsexceptviscositywereusedaslubricants.Theresults
ofthesestudiesareas foU.ows:

1.A continuoustrendtowardlongerrolling-contactfatiguelifeis
shownwithincreasinglubricantviscositythroughouttherangestudied
(5to 120centistokesat 100°F). Thistrendholdsat anypercentageof
failedspecimens.Scatterremainsaboutthesameforalllubricants
observed.
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2.A plotofthelogof lifeatanysurvivallevelagainstlogof
lubricantviscosityproducesa reasonablystraightline.Thislinein-
dicatesthatfatigueltieisa functionofapproximatelythe0.2power
oflubricantviscosity.

LewisFlightPropuhionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,August13,1957
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A2PENDIXA

APPARATWSANDPROCEDURE

TestRig

y
g

.

s

A cutawaytiewoftherolling-contactfatiguespinrigis shownin
figure2(a).Thetestspecimensarethetwoballsrevolvingina hori-
zontalplaneontheboresurfaceofa hardenedtool-steelcylinder(fig.
2(b)).Airat pressuresto 100Punds persquareinchisintroduced
throughthenozzlesto drivetheballsat highorbitalspeeds.Thenoz-
zlesystaandthecylinderareheldinplaceby upperandlowercover
platesfastenedby threeremovablebolts.Therigasseniblyis supported
froma rigidframeby threeflexiblecables.b ordertokeepexternal
constraintat a lowvalue,thedriveairis introducedintotherig
througha 6-foot-longflexiblemetalhose.

=%%”- Thetwotestballsseparateandmaintainrelativepo-sitions180 apartabovethecriticalfrequency.A detailedanalysisof
therigoperationis givenin reference8.

Loadiw.- Theonlyloadingontheballsis thatproducedby cen-
trifugalforce.No contactismadewiththeballtestspecimenexcept
by theracecylinderat thecontactellLpse.Theloadcanexceed700
poundsfora l/2-inchsteelballrevolvingina 3.5-inch-boreracecyl-
inderat an orbitalspeedof 30,000rpm. At thisspeeda maximumHertz
stressofapproximately750,0C0-psicompressionwillbe developedat the
centerof thecontactellipse.

Theintroductionoffluidlubricantwasaccomplishedby introducing
dropletsofthelubricantintothedriveairstresmbetweentheguide
plates(fig.2(a)].Therotatingairstreamatcmizesthedropletsand
carriesthelubricanttoallsurfaces.Lubricantflowrateis controlled
by regulatingthepressureupstreamofa lcmgcapillarytube. Thepres-
suredropthroughthecapilJarywassufficienttogiveexcellentcontrol
oftheflowforsmallflowrates.Thelubricantflowrateusedin this
seriesoftestswasapproximately15millilitersperhour.

Instrumentation.- Threeinstrumentationsystemsprotideforspeed
measurementandcontrol,temperaturemeasurementandcontrol,andfail-
uredetectionandshutdown.

Orbitalspeedoftheballsismeasuredby countingthepulsesfrom
a photoamplifieronan electrictachometer.Thepulsesaregenerated
whenthetwotestballsinterrupta lightbeamfocusedon thephotocell.
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A voltageproportionalto thefrequencyofthephotocelloutputisfed
intoa SwartwoutControllerwhichautomaticallyregulatesthedrive-air
pressuretomaintainthedesiredorbitalballspeed.

*

Temperatureismeasuredwithaniron-constamtanthermocouplewhich
is incontactwiththetopoftheracecylinder(fig.2(a)).Thisis

$

theclosestpracticallocationofthermocouplewithrelationto theball
t

runningtrack.A calibrationwitha thermocoupleintheairstreamsur-
mountingtheballsshoweda variationoflessthan2°ofthetesttem-
perature.Itcanbe assumedthattherace,balls,andsurroundingair
areallmaintainedwithina narrowtemperaturerange.A secondthermo-
couplecontactingthecylindertopprovidesthesignalfortheautmatic
temperaturecontroller.Thiscontrollerblendsroom-temperatureair
withairheatedby a 25-kilowattheaterintheproportionnecessaryto
maintainthetemperatureofthedrive-airsupplyat theproperlevelfor
thedesiredtesttemperature.Thisdriveairsurroundsthetestballs
andisthenexhaustedovertheoutersurfaceoftheracecylinders.

Failuresaredetectedby comparingtheamplifiedsignalfrcma ve-
locityvibrationpickup(attachedtotherig,seefig.2(a))witha
predeterminedsignallevelpresentona meterrelay.Thelargevibra-
tjonamplituderesultingfromaballorcylinderfatiguespan tripsthe .
meterrelayandresultsin shutdownof’thetestandallinstrumentation.

tive
sure
ugal

Airsupply- Thedriveairisdriedto lessthan30percentrel.a- @
humidity~d thenfilteredbeforebeingusedintherigs.A pres-
of125poundspersquareinchismaintainedby a centralcentrif-
compressionsystem.

TestSpecimens

.~” - TheMmensionsofthetestcylindersareasfo~ows:
outsidediameter,4.750inches;length,3.00inches;initialnominalin-
sidediszneter,3.250inchesincreasingto 3.550inches.Theboresurface
finishwas2 to 3 ticroinchesforallcylinders.Roundnessofthebore
washeldto0.0001inchandboretapertoa msximmof0.0~3 inch.
Hardnessmeasurementsweretskenonthecylinderends.Eachcylinder
wasuniformwithin2 hardnessnumibers,althoughaveragehardnessvaried
fromRockwellC!-60to C-64fordifferentcylinders.

Between10and15testsmaybe runona boresurface.Theboreis
thenreground0.060inchlargerandrefinished.Thisnewsurfaceis
about0.022inchbelowthelocationofthemaximumshearstressofthe
previoustests,andsotheeffectsofpriorstressingareconsidered
negligible.Failurepositionsononecy13ndersurfacedonotcorrelate
withfailurepositionsoftheprevioustestssurface.

*

?
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Testlubricants.- Thelubricantsusedwereallparaffin-base
oils. Theonlydifferencesmongthemwasnormalviscosity.

11

min-

Normalviscosityis-thatviscositywhichismeasuredlystandardtests
at atmospheric~ressure.Viscositytendsto increase~ignificantlyat
thehighpressuresexistinginbearinglubricatingfilms.Thiseffect
is ofvaryingdegreein differentbasestocks.Thelubricating-oilchar-
acteristicsforthefluidsusedisgivenin tableI.

Testballs.- By takingadvantageofthefactthata rotatingbody
freetoadjustitself’willrotateabouttheaxisofmaximumrotatimal
inertia,testballsmaybe modifiedsothattheywillrotateaboutany
fixedaxis. Theaxisofrotationofeachballwaspreselectedbygrind-
ingtwodiametricallyopposedl/8-inchflats.5s facilitatedprein-
spectionoftherunningtrackandrestartingofthesurviwhgballs.
Theaxeswereselectedina randommannerin ordertoreducetheeffect
offiber-floworientationpreviouslyreportedinreference11. Alltest
ballswereair-meltAISIM-1toolsteelhardenedtoRockwellC-62toC-63.
Ballmaterialisanalyzedin tableII.

Procedure

Pretestinspection.- Cylindersweregivendimensionalsurface-
finishandhardnessinspections.Thiswasfollowedbya magneticparti-
cleinspectionforbothcracksandlargesubsurfaceinclusionsanda
visualinspectionfordeepscratchesandothermechanicaldamge.

Alltestballswereweighedandgivenan inspectionat a magnifica-
tionof60. Thepresenceofexcessivescratchesorpitting,andany
cracks,laminations,orflatspotswasnotedina permanentrecord.

Priorto inspectionanduse,testspecimenswereflushedandscrubbed
with100percentethylalcoholandcleancheesecloth.Avery thinfilm
ofgreasewasleftontheballsurfaceby thisprocedure,butthiswas
considereddesirabletominimizecorrosionandwasnotheavyenoughto
impedesurfaceinspectim.

Assemblyofrig.- Therigandtestspecimenswerecleanedandas-
sembledwithcaretopreventscratchingoftheboresurface.Thebore
surfaceandtestballswerecoatedwithlubricant.Thetestpositionin
thecylinderwassetby looseningthecollet(fig.2[a))andmovingthe
nozzleassemblyandthetestballsaxiallytotheteststationandthen
retighteningthecollet.Therigwasmountedin thesupportframeand
thenleveled.OilJ3nes,airsupplylines,thermocouples,andthetibra-
tionpickupwereconnected.Thefinalstepwasto checkthealinement
ofthelightbeamonthephotocell.

9
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Startingandrunningprocedure.- Therigwasbroughtup to oyerat-
ingspeedasrapidlyandas smoothlyas possible.Therigcouldthenhe *
switchedtoautomaticspeedcontrolorleftonmanualcontrol.Onman-
ualcontroltherigspeedmustbe correctedat intervalsto compensate
forthespeedincreasedueto run-inofthetestspecimens.Run-infs
rapidforthefirstfewminutes,andit ispracticallycampleteafter
thefirst2 hours.Rigtemperaturereachedequilibriumat the100°F

!!

testtemperatureinabout3 minutes.Thecontrolsystaautomatically
maintainedthedesiredtemperature.

Speed,temperature,andoilflowweremonitoredregul-arly.Speed,
temperature,airpressure,andvibrationlevelswererecordedat each
reading.Thetestwascontinueduntila predeterminednumberof stress
cycleshadbeenexceededormtil a ballorracefailureactuatedthe
meterrelaywhichshutdowntherig.

Stresscalculations.- Withballweight,speed,andorbitalradius
ofrotationofthetestballslmown,theloadcanbe calculated.The
stressdevelopedinthecontactareawascalculatedfromtheloadand
specimengecmetryby usingthemodifiedHertzformulasgivenin refer-
ence9.

Post-testinspection.- Afterfailureora predeterdnednumberof
stresscycles,theballrunningtrackswereexsminedata magdfication
of 60witha microscope.Anyabnormalitieswhichcorrelatedwiththe
fatigue-liferesultswerenotedandfollowedupwitha futhermetallo-
graphicinvestigation.SpecimensweremountedinBakelite,groundto
thedesiredcrosssection,andpolishedandetchedtorevealsubsurface
metallographicstructure.Someinspectionsoftherunning-tracesur-
facesweremadeaftera polishtithdiemonddustto observepossible
corrosionpittinganditsrelationto crackformation.

.

●
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APPENDIXB

PRES-TION OFEMRING

A distributionfunctiondevelopedby

FATIGUEIXITA

Weibullfitstheobserved
scatterin thefatiguelivesofrol&g-contactbearings(ref.12). Be-
causeoftheusuallysmallsample(about30bearings)involved,the.tita
cannotreliablybe fittedintoa frequencycurve.Instead,thecumla-
tiveformofthedistributionis used. Thecumulativedistributionfunc-
tion(Weibull.)isas follows:

where Q(L)is thefraction
cycles,and G sad e are

log& =GLe (1)

ofthesamplesurvivingthefirst L stress
positiveconstants.

Specialprobabilitypaperisusedforfigures3 onwhichtheWeibull
distributionbecomesa straightEne of slope e. Theordinaterepre-
sentslog-logl/Q(L)butisgraduatedin termsofthefractionfailedat
L stresscycles.A setof datais orderedaccordingto life,andeach
succeedinglJfeis givena rank(statisticalpercentage)andisplotted
onWeibull.paper.Ifthemedianrankisused,a lineis drawnwhich
takesthegeneraldirectionofthearrayofpointsandwhichsplitsthe
arrayinha~. A medianrankisan estimateofthetruerankin the
populationthathassn equalprobabilityofbeingtoolargeortoosmall.

A tableofmedian-rankvaluesforsamplesizesup to 20andformulas
forcalculationof themedian-rankvaluesforanyorderpositioninany
samplesizearegiveninreferenceI-2.
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TABLE1. - UJBRICANTl?ROPERTIl@

15

W3cosity,centistokes]Average ]vis- ]Neutmliza-~
Before After viscosity,

H

cositytio’nnuniber
centistokesindex,

l~o F 2100F 1oooF 2100F 1oooF 21(30F average

MIL-O-6081B-2,grade1CQ5

5.0711.68 5.1311.72 5.1OI1.70 104.5 0.0510.05

lfIL-O-6081B-2,grade1010

10.14 2.49 10.37 2.54 10.26 2.52 73.2 ‘0.05 0.05

MIL-L-15016A-2, grade3042

24.204.51 24.264.57 24.234.54 114.o 0.05 0.05

MIL-L-6082B,grade1065

118.6 11.94 119.56 12.27 119.1 12.11 99.4 0.06 0.06 I
additives:Allfluidshadpour-pointdepressantsandmay
havehadantifoamagentsandoxidationinhibitors.None
hadviscosityindeximprovers.No furtherdetailsonaddi-
tivesareavailable,sincethisinfo~tionis regardedas
proprietarybymsrmfacturers.Specimenswerebulksamples
takenfromlubricantsupplyatbeginningandendoftest
run.

TABLEII.- MATERIKLANALYSIS

I I c

Nominal
AISIM-1
composition,%

Actula
composition,%

0.80

0.79
t

Si Mn s

0.23 0.23 Min.

0.2810.27[0.014

P

Min.

o● 020
aw Cr V

1.50 4.00 1.00

1.5113.8211.08
~

Mo

8.,20

8.42

aLatrobeheat,13-801;air-meltAISIM-1toolsteel.
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(a) Lubricant,KU.-O-6OM6-2, .gredel@J5 mineral oil; viscosity,5.1 cmtiatokes.

Figure 3. - Rol.llng-oontactfatigue life of A161 M-1 tool-steel ballB with vmim I.ubrioanlm.Te.zttemperature,
10@ F; maximum Hertz corQreEsivestress, 725,CxXlpd. F
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(b) IutrImnt, ~0-6081B-2, &rsde 1010 mineral oil; viscosity,10.3 ceutie.tokes.

me 3. - Colltiumd. RdJlng+outact fatigue life of A191 M-1 tool-steelldJE with vmiow lubri-
csnlm. Test temperature, 10@ F; ~ Hertz compressivestress, 725,003psi.
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(c) Lubricant,_L-15016A-2, made SC42 ndneral o1l; v16cosity,24.2 centidobs.

FIsw8 5. - Continued. RdJ.ing-contactfatigue life of AISI M-1 tool-steelbal16 with vericmw lubri-
cants. Test temperature, IOCP F; mxisnm Hertz compressivestrem, 725,003 psi.
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(d) Lubricant, ?41L-IP6082B,grede 1065 mineral ofl; viscosity, 119.1 centlstokes.

Figure 3. - Continued. Rolllng-contact fatigue life of A161 M-1 tool-steel bells with verioue lubri-
C+311tE.Teat teGYperatWC, 1(X3-F; maximum Hertz cemppeaalve Etpe=8, 725,000 ~SI.
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(e) F9 of fat@ze lives with four mineral-oilhitn-icants.

Flgme 3. - Concltied. Rol.liog-contadfatigue life ~ AEKC M-1 tool-steelbal.lEwith vnrioua lubri-
CWItB. TeBt teK@l’EtW%3, ~ F; waximum Hertz cc+upresslvestress, 725,030 psi.
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